The estimation of the impulse response ͑IR͒ of a propagation channel may be of great interest for a large number of underwater applications: underwater communications, sonar detection and localization, marine mammal monitoring, etc. It quantifies the distortions of the transmitted signal in the underwater channel and enables geoacoustic inversion. The propagating signal is usually subject to additional and undesirable distortions due to the motion of the transmitter-channel-receiver configuration. This paper shows the effects of the motion while estimating the IR by matched filtering between the transmitted and the received signals. A methodology to compare IR estimation with and without motion is presented. Based on this comparison, a method for motion effect compensation is proposed in order to reduce motion-induced distortions. The proposed methodology is applied to real data sets collected in 2007 by the Service Hydrographique et Océanographique de la Marine in a shallow water environment, proving its interest for motion effect analysis. Motion compensated estimation of IRs is computed from sources transmitting broadband linear frequency modulations moving at up to 12 knots in the shallow water environment of the Malta plateau, South of Sicilia.
I. INTRODUCTION
The knowledge of the impulse response ͑IR͒ of propagation channels is potentially interesting for a large number of underwater acoustics applications such as underwater communication, sonar detection and localization, marine mammal monitoring, etc. The IR estimate is also central for geoacoustic inversion using matched impulse response ͑MIR͒ techniques. 1 The most popular method to estimate IR is the so-called matched filtering, 2 where the received signal is correlated with the transmitted one.
Ideally, with an additive white-noise background, the matched filtering operation processing correlates the received signal with time-delayed versions of the transmitted signal. When the motion of the transmitter and receiver is well monitored, as in the case of active ocean acoustic tomography, methods such as matched-field-processing. 3 or MIR can take into account the motion effects, even if a highly computational cost may be required for broadband signals. When the motion of the transmitter and receiver is unknown ͑as it is the case for passive ocean acoustic tomography 4, 5 ͒, these methods cannot be applied any longer. In this paper, we propose a new method to estimate and compensate the motion effects. This work is a contribution to the development of a passive tomography system using transient signals.
When the motion of the transmitter-channel-receiver configuration is not known, the received signal could be correlated against a family of reference signals that represent as well all possible receptions. The set of reference signals would account for all the possible velocities of the configuration and the multipath propagation effects of the environment. For example, Qian and Chen 6 and Mallat and Zhang 7 proposed a matching pursuit algorithm on transitory signals, which adaptively decomposes any signal into a linear combination of best-matched basis functions that are selected from a dictionary of Gabor atoms. Zou et al. 8 extended some earlier results on steady-motion based Dopplerlet transform and introduced the application of Dopplerlet transform to the estimation of range and speed of a moving source.
Not many works have been reported on the problem of solving the resulting wave equation for a moving source in an acoustic waveguide. Guthrie et al., 9 Hawken, 10 and more recently Lim and Ozard 11 considered sources moving radially or horizontally and obtained expressions for the acoustics field using normal theory. Flanagan et al. 12 and Clark et al. 13 formulated the moving source problem in terms of ray theory, where each raypath has different Doppler shift according to its angle of emission. Most solutions are given in terms of contemporary time, i.e., the time at which the sound reaches the receiver but Lim and Ozard expressed their solution in terms of retarded time, i.e., the time at which the sound was transmitted by the source. This paper investigates the effects of the motion that often exists in an operating transmitter-channel-receiver configuration in geoacoustic inversion. Doppler effect consequences on the estimation of the IR are shown and explained for shallow water environments with matched filtering between the transmitted and received signals. The studied signals have very low central frequencies ͑around 1300 Hz͒ and high bandwidth ͑around 2000 Hz͒. For feasibility purposes, it is considered that the relative motion existing between the transmitter and the receiver is horizontal with a constant speed during transmissions.
The performance of the correlation receiver in delay and Doppler can be described with the ambiguity function. If the signal is narrowband, then the conventional formulation of the ambiguity function is appropriate. In this case, the effects of motion, which are a compression in time for approaching sources and an expansion for receding sources, are approximated as simple carrier-frequency shifts of the transmitted waveform. For the narrowband case, the correlation receiver has a reference set of signals composed by time-delayed and carrier-frequency-shifted versions of the transmitted signal. However, this is no longer valid when the ratio bandwidth under central frequency increases. In our study, a multipath wideband ambiguity function is introduced in order to account for a different broadband Doppler effect for each path. In the wideband case, the correlation receiver has reference signals that are time-delayed and time-scaled versions of the transmitted one. Hermand and Roderick 14 fully described and formulated the narrowband and wideband ambiguity functions for active sonar systems. The interferences that can occur in the cases of reflection on multiple moving targets are also analyzed. The purpose of this paper is to analyze the broadband ambiguity function with the same approach as in Ref. 14 and apply it to the estimation of the IR of an underwater acoustic propagation channel when motion exists between the source and the receiver. We will show that when high bandwidth and very low central frequency signals are transmitted, the wideband ambiguity plane enables estimating and compensating the Doppler effects which modify the underwater acoustic propagation channel. Doppler effects will be shown to differ for each propagation path on simulated and real data. This paper is organized as follows. Section II presents a transient signal modeling for a multipath environment with rectilinear, constant speed motion. Then Sec. III describes the motion effects both on the estimation of an IR computed with a correlation receiver process and on the narrowband and wideband ambiguity functions in a multipath environment. A Doppler effect estimation and removal technique on the IR and its applications on simulated data are presented in Sec. IV. The results on a real data set are presented in Sec. V. We close in Sec. VI with conclusions.
II. MODELING WAVE PROPAGATION AND MOVING TRANSIENT EMISSION
The wideband Doppler effect in a multipath environment is presented in this section using contemporary time, i.e., the time at which the sound reaches the receiver, and retarded time, i.e., the time at which the sound was transmitted by the source considering a constant speed of propagation in the medium.
A. Signal received for one ray
In this section, we consider a fixed receiver and a source with constant speed motion M ជ . The source emits a signal for T s while moving at a constant speed v along the x axis, as illustrated in Fig. 1 . For one emission, the source position along the x axis is
where x 0 is the position of the source after T / 2 s. We define a time axis u for the emission, which is the retarded time, and t for the reception, which is the contemporary time, following a relation of the form
where T i ͑u͒ refers to the time delay of the ith ray and u verifies
Relation ͑2͒ means that a signal transmitted at the delayed time u is received on the ith ray at the contemporary time t equal to u plus the propagation time along the ith ray. If L i ͑u͒ is defined as the path length of the ith ray in meters, formula ͑2͒ can be rewritten as
where c is the speed of the sound in the medium. Assuming that the latter is constant, the path length of the ith ray is defined as
where ͑x i ͑u͒ , z i ͒ represents the position of the virtual source from which the signal propagating along the ith ray seems to have been radiated ͑the expressions of z i are given in Appendix A for all rays͒. It is worthy noting that each of the virtual sources seems to move at a different apparent speed v i . The term x i ͑u͒ is the distance existing between the virtual source and the hydrophone along the x axis
where v i is considered positive for approaching sources and negative for receding sources. Expression ͑2͒ can be rewritten as
In order to obtain the time of emission as a function of the time of reception, some hypotheses are necessary. The first one considers that the depth of the propagation channel can be neglected compared with its length. After calculation ͑given in Appendix B͒ and under our first hypothesis, expression ͑7͒ can be expressed by
The second hypothesis states that the distance covered by the moving source during one transmission can be neglected compared with the source-hydrophone separation. Some calculation ͑given in Appendix B͒ yields an approximation of the expression of the time of emission as a function of the time of reception:
where i corresponds to the time-delay associated with the ith path for a fixed source located at x = x 0 ,
Relation ͑9͒ means that the signal received for the ith ray is a time-delayed and time compressed ͑or expanded͒ version of the transmitted one. Expression ͑10͒ illustrates what appears logical: if one computes an IR with a moving source and wants to compare it with the motionless case, it should be done with a source located in the middle of the motion.
B. Signal received in multipath configurations
In Eq. ͑6͒, it has been assumed that the speed of the source appears to be different for each ray. The projection of the source's speed on the sight line between the transmitter and the receiver is called v ជ. It is assumed that v ជ can vary with time as the line defined by the source and the receiver changes. As shown in Fig. 1 , the motion vector v ជ is then projected on the path of the ith ray with the declination angle i which leads to
A solution of the wave equation for the sound field in an iso-speed ocean channel overlying a homogeneous fluid halfspace was developed and published over half a century ago in a classic paper by Pekeris. 15 For Pekeris waveguides 16 the departure angle of one path, i , and its angle of arrival differ in sign for one ray out of two but they have the same cosine. This basic property can be used to validate the assumption of using a Pekeris waveguide. We consider that the received signal is distorted by the combined effects of propagation and source motion ͑i.e., time-delayed, amplitude attenuated, and Doppler transformed͒. Using Eq. ͑9͒, and adding a change in amplitude to conserve energy yields the expression of the signal received at time t for the ith ray
where e͑t͒ is the transmitted signal, a i represents the amplitude attenuation due to propagation losses, and i is the scale factor due to the broadband Doppler effect satisfying
The received signal s͑t͒ is the sum of all the s i ͑t͒ received from each ray which leads to the following expression:
We made the hypothesis that the distance covered by the source during the transmission can be neglected compared with the source-receiver separation to obtain Eq. ͑8͒. From now on, we can consider the propagation time, T i ͑u͒, and the projection of the motion vector v ជ along the path of the ith ray, v i , to be constant during one emission. By using the complete formulation of the signal received for each ray ͑12͒
and of the compression factor i ͑13͒, Eq. ͑14͒ can be rewritten as
This expression illustrates that the signal received from a moving source with a multipath propagation is a weighted sum of amplitude attenuated, time-delayed, and Dopplertransformed versions of the transmitted signal. The compression factor i depends on the velocity of the source v ជ, on the angle of emission of ray i, and on the position of its corresponding virtual source, as shown in Eq. ͑13͒.
III. EFFECTS OF SOURCE MOTION
In Sec. II, the received multipath signal has been characterized. The effects of source motion on the estimation of an IR with matched filtering are formulated and analyzed in this section.
A. Effects of source motion on the matched-filter output
Considering that the received signal is defined as the sum of amplitude-attenuated, time-delayed, and Dopplertransformed versions of the transmitted signal, the Dopplertransformation stands for a Doppler scaling which is not approximated as a simple frequency shifting. Assuming that the transmitted signal is known, the propagation time and the velocity associated with each ray can be estimated by cross correlating the received signal with a set of reference signals. The set of reference signals is composed of time-delayed and Doppler-transformed versions of the emitted signal for the range of time delays and speeds expected.
14 For each reference signal, the cross correlation depends on the speed v because of the dependency and is computed by
where T denotes the complex conjugation, s͑t͒ is the received signal, e͑t͒ is the transmission, and is the compression factor due to the Doppler effect. Using the expression of the received signal in a multipath environment ͑15͒ in Eq. ͑16͒ yields
Local maxima of this correlation function are reached for each ray. For the ith ray, the maximum is reached when the reference and the propagated signal are exactly aligned in time delay and Doppler. It is assumed that the smallest time difference between two consecutive arrivals is larger than the inverse of the time-bandwidth product of the transmitted signal so rays are well separated for the motionless case, and each peak of the correlation can be detected. The interferences that could occur between local maxima are studied in Ref. 14 and are not the purpose of this paper. The time of propagation and the apparent speed of the ith ray can be estimated once a local maximum is detected.
B. Effects of source motion on the ambiguity plane
The wideband ambiguity plane introduced here is the squared magnitude of the result of the correlation equation ͑17͒. The propagation time and the velocity associated with the received signal are estimated by cross correlating the received signal with a set of reference signals. The set of reference signals is composed of time-delayed and Dopplertransformed versions of the transmitted signal which is assumed to be known.
For geoacoustic inversion applications, the emitted signals are wideband signals, and the motion effect cannot be approximated by a frequency shifting. It is well known that the representation of a linear frequency modulation ͑LFM͒ signal in the narrowband ambiguity plane is ambiguous, as shown in Fig. 2 . A LFM frequency shifted by the narrowband approximation of the Doppler effect is really close to one another which is just time-delayed, as illustrated in Fig.  3 . Figure 3 shows the ideal time frequency representation of a LFM signal compared with the Doppler-transformed versions of the signal under narrowband and broadband approximations of the Doppler effect. That is why there is an ambiguity and one cannot find accurately the right coordinate of the maximum in the ambiguity plane. There is no absolute maximum in the narrowband ambiguity plane, and possible solutions are represented by all the points of the straight line containing the energy. Hence neither the propagation time nor the source speed can be estimated accurately when a broadband LFM is transmitted. As shown in Fig. 4 , the representation of a time-delayed and Doppler-transformed LFM provides a finite resolution in the ͑ , v͒ domain but remains ambiguous in the wideband ambiguity plane, although there is one absolute maximum that can be detected far more accurately than in the narrowband ambiguity function. That is why the wideband ambiguity plane is well adapted to geoacoustic inversion applications. The maximum is reached when the parameters of the reference signal match exactly with the parameters of the estimate. The amplitude of the correlation stays high for time delays close to the simulated one, and the correlation broadens farther from the simulated speed.
For multipath propagation, paths have different apparent speeds and different time delays, as illustrated in Fig. 5 . Each path is seen as a sweep-like shape which broadens with the distance between the reference and the simulated speed. Figure 5 illustrates the wideband ambiguity plane for a simulated multipath propagation centered on the six first arrivals.
C. The LFM case
LFMs are classically used for geoacoustic inversions and tomography because their large time-bandwidth product provides a good resolution and because of electro-acoustic transduction technological constraints. From now on, the transmitted signal is assumed to be a LFM signal with known parameters
where f c is the central frequency of the sweep, k is the chirp rate or sweep rate, T is the duration of the signal, and the rect function is defined by
Some algebraic manipulations 14, 17, 18 detailed in Appendix C with Eqs. ͑17͒ and ͑18͒ lead to the analytic expression of the cross correlation defined previously if v is different from v i ,
where
The bounds of integration of Eq. ͑20͒ depend on t 1 and t 2 which are given in Appendix D. Finally, the result of Eq. ͑20͒ can be expressed and simplified with a complex form of the Fresnel integrals if v is different from v i , 
ͪdt.
͑24͒
When the Doppler transformation of the reference signal matches exactly the Doppler transformation of the ith path, expression ͑21͒ is no longer valid, and the ith term of the sum, r i ͑ , v i ͒, becomes
When the reference signal matches exactly the ith path, expression ͑25͒ reaches its maximum as expected and equals a i meaning that the amplitude associated with each ray can be recovered. It is worthy noting that Eq. ͑25͒ is a sine cardinal multiplied by a constant that can be compared with the classical LFM ambiguity function. According to the asymptotic evaluation of Harris and Kramer 19 and Kramer, 17 the Doppler tolerance, i.e., half-power contour, is given by
where T is the duration of the LFM and W the signal bandwidth. As an example, we consider a large TW-product and wideband LFM signal with known parameters:
where f c is the central frequency of the LFM. From Eq. ͑26͒ the Doppler tolerance of this signal in the wideband ambiguity plane is V −3 dB = Ϯ 0.32 knots, whereas its classical Doppler tolerance in the narrowband ambiguity plane would be
This example confirms the results obtained with our wave propagation modeling, the wideband ambiguity function is well adapted for the study of Doppler scenarios in geoacoustic inversion applications, and the narrowband approximation is not valid. For the narrowband case, the correlation receiver has a reference set of signals composed of time-delayed and carrier-frequency-shifted versions of the transmitted signal. As can be seen in Fig. 3 , a LFM frequency-shifted by the effects of motion is not very different from one another which is only time-delayed; that is why LFM signals have a poor Doppler tolerance and are ambiguous in the narrowband ambiguity plane. The inclusion of the motion effect for broadband signals, i.e., time compression ͑or expansion͒, in the computation of the correlation receiver clearly enhances the Doppler tolerance of wideband signals so that a LFM is no longer ambiguous in the wideband ambiguity plane. Different Doppler removal techniques derived from the wideband ambiguity plane are introduced and studied in Sec. IV.
IV. DOPPLER REMOVAL TECHNIQUES
A computational method has been presented in Sec. III to study the multipath propagation when a LFM is transmitted. The wideband ambiguity plane was introduced as an adapted representation of the multipath propagation for geoacoustic applications whenever the source is moving or not.
A. The motionless source hypothesis
A well known method of estimating the IR of a propagation channel is to compute the cross correlation between the time-delayed transmitted signal and the received signal as
This is equivalent to computing expression ͑17͒ with a zero speed, meaning = 1, for all references. The result of Eq. ͑29͒ is a sub-part of the broadband ambiguity plane and can be obtained by keeping the column at zero speed in this plane. From Eq. ͑29͒ it can be seen that the motion effects are not considered and the computed IR will be biased. Both the estimation of the time of propagation ͑ i ͒ and the amplitude of the ith ray ͑a i ͒ will be incorrect. An example of the zero speed correlation is illustrated with the solid line in Fig.  6 . The parameters used for this simulation are the same as the one used for the simulation presented in speed parameter to the matched filtering processing so the motion of the source can be estimated and then compensated.
B. The uniform speed compensation
The cross correlation between the time-delayed transmitted signal and the received signal has been shown to have poor performances in estimating the IR when the motion is not taken into account. We propose here a new method to compensate the motion in the estimation of an IR of the propagation channel. This aims at reconstructing a motionless IR from an acoustic observation with a moving source in order to enable the use of classical acoustic inversion processes. The declination angle of the direct path is very low, and expression ͑11͒ shows that the apparent speed of this path will be the projection of the motion vector along the receiver-source line. If the amplitude of the direct path is considered higher than any other, then the amplitude of its correlation with the reference signals is also higher than any other. The speed of the source v is estimated as the coordinates of the absolute maximum in the ambiguity plane. If the source is far away from the receiver, as illustrated in Fig. 7 , the received paths will have low declination angles, meaning an apparent speed close to v and Eq. ͑11͒ becomes
The uniform speed compensation is defined as keeping the column at constant speed v in the wideband ambiguity plane and is presented in Fig. 8 .
We developed a software simulating all the propagation process with ray theory for signals transmitted from a moving source in order to test our uniform motion compensation method. The simulation is presented in Fig. 8 and was computed with a source moving at a constant speed of 5 ms −1 , at a depth of 24 m, 4 km from the receiver at a depth of 90 m on a 165 m deep channel with a constant sound speed of 1500 ms −1 . The signal transmitted is a LFM with a central frequency of 1300 Hz, a bandwidth of 2000 Hz, and a duration of 4 s. In Fig. 8 , the star shows the absolute maximum detected in the wideband ambiguity plane, giving an estimated speed of 5 Ϯ 0.16 ms −1 as expected. In this case, the source is far away from the receiver at a distance much greater than the depth of the propagation channel so the conditions necessary to apply uniform speed compensation are met. The compensation of the motion on the estimated IR is made by keeping the column at the estimated speed which is represented with solid line on the top of Fig. 8 . The panel on the bottom of Fig. 8 represents estimates of the IR where the dashed line stands for the IR estimated with zero speed compensation ͑no speed compensation͒. The solid line stands for the estimation of the motion compensated IR while the crosses represent the simulated IR. This compensation method is effective and improves the estimated IR. Both amplitudes, time delays, and peak detections have been improved. It is not possible to distinguish any path without compensation while they are clearly detectable with compensation. The general shape of the IR is well recovered even if amplitudes are not the theoretical ones.
The estimated amplitudes of the motion compensated IR are biased because the hypothesis made in relation ͑30͒ is not valid for all rays, and the column at constant speed v does not cut each chirp-like shape around its maximum in the ambiguity plane. The interferences existing between paths are clearly illustrated on the broadband ambiguity plane of Fig. 8 . As expected, the Doppler effect lowers amplitudes, shifts time delays, and leads to the appearance of interferences between peaks which are not detectable if the motion is not compensated. The time delay shifting is clear on the estimated IR represented in Fig. 8 and can be explained by the sweep-like shape of each path on the ambiguity plane. Figure 9 illustrates another example of uniform speed compensation where the source is moving at a speed of 4 ms −1 at a depth of 32 m and a distance of 500 m from the receiver. The recorder is at a depth of 90 m and the propagation channel is the same as before. The star represented on the wideband ambiguity plane of Fig. 9 shows the absolute maximum detected in the wideband ambiguity, giving an estimated speed of 3.99Ϯ 0.16 ms −1 which is valid. For this simulation, the depth of the channel cannot be neglected compared with the source-hydrophone separation so the conditions required to apply the uniform speed compensation are not met. We consider that the uniform speed compensation can be applied when the source-hydrophone separation is at least ten times larger than the channel depth. The motion compensation for the IR estimate is made by keeping the column at the estimated speed which is represented with FIG. 7 . Schematic illustration of the hypothesis necessary to obtain relation ͑30͒. Here the source is 30 times farther than the channel depth and only the first three paths are represented for simplicity. solid line in Fig. 9 . Contrary to the previous simulation, it can be seen that the line along which the compensation is made on the ambiguity plane is no longer cutting each sweep-like shape around its maximum. This means that the apparent speed, amplitude, and time delay of each ray will not be estimated properly. In Fig. 9 , it is worthy noting that the distance between local maxima and the line along which the compensation is made increases with the time delay, which explains the degradation of estimations for the last rays. These drawbacks can also be seen on the estimation of the motion compensated IR which is represented by a solid line in the bottom of Fig. 9 and can be compared with the dashed line representing the zero speed compensation and the crosses representing the simulated IR. The first two rays of the motion compensated IR are well estimated and their time-delays and amplitudes are well recovered. However, the estimation error of the motion compensated IR increases with the time-delays.
The uniform speed compensation is a good way to compensate the motion of a source while estimating an IR. Though the hypothesis is necessary, its validity cannot always be verified. A compensation method that considers the speed of each ray individually should lead to a more general result and is one of our short term prospects.
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V. APPLICATION TO REAL DATA
In this section, the previously described methods are tested on a dedicated real data set recorded in a shallow water environment.
A. Experiment description
The BASE'07 experiment was jointly conducted by the NATO Undersea Research Center, the Forschungsanstalt der Bundeswehr für Wasserschall und Geophysik, the Applied Research Laboratory, and the Service Hydrographique et Ocanographique de la Marine ͑SHOM͒. The main objective of the experiment is to investigate broadband adaptive sonar techniques in the shallow water. Two additional days of measurement were also conducted by SHOM for geoacoustic inversion. Some results can be seen in Refs. 21-23. The first day was dedicated to a general survey and the second day was dedicated to motion effect compensation. The real data of this second day are used in the following. The campaign took place on the Malta Plateau in shallow water ͑130 m depth͒. Underwater LFM, as illustrated in Fig. 10 , was transmitted by a source moving rectilinearly at constant speed from 2 to 12 knots and different depths. The transmitted LFM has a bandwidth of 2000 Hz, a central frequency of 1300 Hz, and a duration of 4 s, and the effects of the multipath propagation can be seen in Fig. 10 . The transmitted signal's bandwidth is very large compared with the signal's central frequency, which ensures a large propagation distance and good auto-correlation properties for geoacoustic inversion. However, the transmitted signals are Doppler sensitive. The source-receiver separation varied from 500 to 25 000 m, and the transmitted signals were recorded by an array of six hydrophones located at different depths ͑from 9 to 94 m͒. As shown in Fig. 11 , the array of hydrophones had its own global positioning system ͑GPS͒ and clock for localization and was not anchored so it can move freely with currents and avoid additional flow noise. The boat had a GPS which was used to derive the position of the towed source. Both position and speed of the source and the hydrophone array are known at any moment so the results can be compared and analyzed.
B. Results
The wideband ambiguity plane has been studied for more than 100 different scenarios on each of the six hydrophones of the array. The motion existing between the source and the receivers was clearly seen on all the wideband ambiguity planes. The uniform speed compensation method was then automatically carried out to estimate the source-receiver relative speed and the motionless IR. All the broadband ambiguity planes analyzed from real data give realistic results. They are close to the simulated data and the chirp-like shapes, representing that each path of the acoustic waves is easily seen. The apparent speed of the first path is estimated in the ambiguity plane by the detection of the absolute maximum. It corresponds to the projection of the speed vector on the sight line existing between the source and the hydrophones multiplied by the cosine of the declination angle. The accuracy of the speed estimate using Eq. ͑26͒ is 0.16 ms −1 or 0.32 knots. An example of the wideband ambiguity plane with its associated motion-compensated IR is presented in Fig. 12 . The scenario presented here was recorded with a projected speed of 11 knots, a source at 24 m depth, and a 4015 m propagation channel. The speed estimated by the automatic process is 10.8 knots which stays within the bounds of accuracy. The ambiguity plane illustrated on the top of Fig. 12 is close to that obtained during simulations. The IR estimated with the uniform speed compensation method is shown as a solid line on the bottom panel of Fig.  12 . The amplitude of each peak seems to be corrected, and the time delays are shifted compared with those of the IR estimated with classical matched filtering represented with a dashed line. It is worthy noting that the source perpetually moves so the propagation channel is different for each emission. This shows that it is not possible to improve the IR by computing means as is usually done with real data and motionless sources. A simulated IR obtained from a Pekeris waveguide with a flat bottom of sandy mud having a sound speed of 1550 ms −1 and a density of 1700 kg m −3 , which is close to the data recorded in situ, is represented with crosses on the bottom panel of Fig. 12 . The propagation speed of the simulated canal is 1500 ms −1 and its depth is 125 m. Even if the simulated IR is not the real one, this provides a reference to compare the IR estimated with classical matched filtering and the motion-compensated IR. It can be seen that the uniform speed compensation both corrects the general shape of the IR and shifts the time delays which was the case for simulations. Finally the motion compensated IR is closer to the expected IR than the IR computed with zero speed com- pensation, showing the improvements of our compensation method on real data.
Most of the estimated speeds were correct and quite accurate, leading to good compensation of the motion, but some were poor. Results obtained on the estimated speeds from 70 transmissions are presented and analyzed for each hydrophone in Table I . In most cases, poor speed estimates occurred when the absolute maximum of the ambiguity plane corresponded to constructive interference between two paths arriving almost simultaneously or because the distance between the source and the receiver exceeds 15 000 m. Finally, results are consistent from one hydrophone to another even if the signal to noise ratio ͑SNR͒ varies.
As illustrated in Fig. 13 , the motion-compensated IR obtained from several hydrophones at different depths has been analyzed and compared with classical matched filtering IR. The IRs estimated from the data recorded on hydrophone number one ͑H1͒ match well with the physics of the propagation channel. This hydrophone is located close to the sea surface in the mixed layer where the sound speed is almost constant. The upper left of Fig. 13 clearly shows a family of rays arriving first with low amplitude which were trapped close to the sea level and were reflected at the sea surface. For this application to real data, the motion compensation improves the shape of the IR and allows recovery of the arrival time of each group of rays. Hydrophones number two and three ͑H2 and H3͒ are located around sound speed minimum where the records have a high SNR. From H2 and H3 in Fig. 13 , it can be seen that the motion compensated IRs have been corrected in time delays and amplitudes and present thinner shapes for each group of rays. Finally, hydrophone number six ͑H6͒ is located in the middle of the water column and its records have a low SNR, which leads to poor estimates of the IR for both the classical matched filtering and motion compensation methods.
VI. CONCLUSIONS
The effects of motion while estimating the IR for shallow water environments with signals having low central frequencies and high bandwidth must be taken into account. In this case, Doppler effects that cannot be modeled by a carrier frequency shift usually used to represent the narrowband cases, and wideband Doppler effects should be considered instead, modeled as a compression or expansion in time. The wideband ambiguity plane is presented here as a convenient way of representing multipath environments in a transmitterreceiver motion scenario. The uniform compensation method for motion effect compensation is proposed in the wideband ambiguity plane in order to reduce the distortions due to motion when the transmitted signal is known. This compensation method was tested on real set of data from BASE'07 campaign ͑SHOM, South of Sicilia, 2007͒ leading to realistic results.
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APPENDIX A: EXPRESSIONS OF THE VIRTUAL SOURCE HEIGHT FOR A PROPAGATION CHANNEL WITH A CONSTANT SPEED
This appendix gives the expressions of z i introduced in formula ͑5͒ for all rays considering that the propagation speed is constant. There are four possible expressions for z i depending whether the number of reflections is even or odd, and on the first reflection. The first family of rays is the 2p + 1 rays which has an odd number of reflections and begins with a reflection at the surface of the sea. The expression for the height of the corresponding virtual source is
where z s , z b , and z h are the heights of the surface, of the bottom, and of the hydrophone compared to the position of the real source, respectively. p is an integer and 2p + 1 is the number of reflections. The second family of ray is 2p rays which has an even number of reflections and begins with a reflection at the surface of the sea. The expression for the height of the corresponding virtual source becomes
where p is an integer and 2p is the number of reflections. The third family of rays is the −͑2p +1͒ rays which has an odd where bounds of integration are given by R 1 and R 2 , and when i = they satisfy
͑C19͒
The integration of formula ͑C16͒ finally gives the expression of the output matched-filter when Doppler transformation of the reference signal matches exactly with the Doppler transformation of the ith path
͑C21͒
APPENDIX D: DETERMINATION OF THE INTEGRATION BOUNDS
The bounds of integration of expression ͑C5͒ are called t 1 and t 2 and are given by R 1 and R 2 . Different cases appear depending on both the length and the position of R 1 compared with R 2 . When i is different from , there are four possible values for each bound of integration and they may be sorted by the range of ⌬ i , as summarized in Table II. 1
